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Before going to the main part...

¢ My main research aria is flavor physics

The latest my review talk about the flavor anomaly is
available here
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Effective field theory

¢ Effective field theory (EFT) can be generally constructed by assuming field contents and

Lorentz, global and gauge symmetries, e.g., SMEFT, HEFT, HQET, SCET, ...

¢ EFT is bottom-up and natural approach (when one does not discover any new resonance)
4 Problems:

Find nice operator basis: operator redundancy via field redefinitions and EOMs

e.9., Warsaw basis (dimension-six SMEFT) [Grzadkowski, Iskrzynski, Misiak, Rosiek '10]

¢ Gauge redundancy (requires gauge-fixing, ghost d.o.f.), which is canceled out at

amplitude level (after the complicated calculations)
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Scattering amplitudes

¢ Scattering amplitude (on-shell amplitude, modern amplitude method, or spinor-helicity

formalism) is an alternative way to EFTs (will explain after next slide)

¢ Scattering amplitudes can be bootstrapped from Lorentz symmetry, locality and unitarity
¢ Advantages:

¢ No operator redundancy. No gauge redundancies. Gauge invariance is manifest

2 Bypassing Lagrangian, operators, and Feynman rules/diagrams

¢ Extremely simple results compared to Feynman methods (next slide)
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Five-point pure QCD amplitudes

®  Forexample, let us compare gg — ggg amplitudes

MW%

There are 25 Feynman diagrams.

qm We must calculate everything.
s ; ; ; : % # of Feynman diagram in gg — ng

T13C1N13 F14cinNtag 415c1N15 \ : T24C1N24
P S n- 20345 6 7 8
Zﬁww j:g; ,,,,,,, e s i n 4 25 220 2485 34300 559405 10525900
%17c1 N% T1BC11 e 425C1N25

9r7cing T8CING T9C1N9 q16C1 N16g
[Parke, Taylor '85] «

¢ By scattering amplitudes [Mangano, Parke, Xu '88; Mangano, Parke '91]

Ms =Ms (1,,2,,3,,45,57) +Ms (17,2,.3,,4,,5,) + perm. <« Other polarizations vanish

(12)4 .
Ms (1,,2,,35,47,55) =ig; E (AP NP2 \%3 \ %4 \95) Extremely simple!
g’=g’>~-g’~g’~g S
. (12)(23)(34) (45)(51)
permutation up to cyclic
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On-shell approach to the SMEFT

Derive anomalous dimension matrix (one- and two-loop levels)

[Cheung, Shen '15; Bern, Parra-Martinez, Sawyer '19, '20; Elias Miro, Ingoldby, Riembau '20; Jiang, Ma, Shu '20]
Derive non-interference theorem for the new physics operators

[Azatov, Contino, Machado, Riva '16; Craig, Jiang, Li, Sutherland ’20, Jiang, Shu, Xiao, Zheng '20; Gu, Wang ‘20]

¢ Enumeration of independent massless operators (consistent with Hilbert series approach)

[Shadmi, Weiss '18; Ma, Shu, Xiao '19; Falkowski '19; Durieux, Machado '19; Durieux, TK, Machado, Shadmi, Weiss '20
Hilbert series [Henning, Lu, Melia, Murayama '15, '17

. Investigate the electroweak symmetry (relations from SU(2).xU(1)y SSB) using massive
scattering amplitudes

. [Christensen, Field '18; Aoude, Machado ‘19; Christensen, Field, Moore, Pinto '19; Durieux, TK, Shadmi, Weiss '19;
This talk  Bachu, Yelleshpur “19]
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Spinor-helicity formalism (massless scattering amplitudes) (1/2)

reviews e.g., |[Elvang, Huang '13, Dixon '13; Schwartz ‘14]

4 Massless particle is an irreducible representations of the Poincaré group; particle i = | p., hi)
h==x1/2, % 1 is particle’s helicity

h

5Py - Py") (all particles are incoming)

Massless n-pt amplitudes are given by M (p

¢ Little-group (LG) is subgroup of the Lorentz group, which leaves p. invariant; p. — p.
4 In D = 4, SO(2) ~ U(1) LG for massless particle

\ 4 Massless amplitudes are scaled by their helicities {hl, hz, ...1under U(1) LG transformation

Little group scaling; Mn(plhl, ...,p,lf”) — ezifzhiMn(plhl, .--,prlz”)
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Spinor-helicity formalism (massless scattering amplitudes) (2/2)

Lorentz group
irreducible representation

_ (A, B) i %mm spinor-helicity formalism
. i
Aig = u_(p),v_(p;) 2:(1/2, 0) i), = e **|i), (under LG) 1 (ij) = — (ji)

[
A4 =u,(p), v.(p,) 2% (0, 1/2) |i]¢ - e™|i]% (under LG) : (i) = [ii]] = 0
[

v s

i
i
I . .
[ pi,ao’z — pl{uglu,ad — ‘ l>a[l ‘a 0 detpl. g = p12 — O
i 1 ’
constrained §
i
i
i
i

[Oolil,
et =geltte . =14/2 -
- 0t 4-vector bad e V2 (if) ' .
polarization vector £, . e e - I auxiliary spinor {
pi-e =0, & -()*=~-1 - e |l>a[§|d ! .
Y e eyt = — Eiai =€ Opaq = \/5 ] corresponding
= I gauge redundancy
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Little group scaling is powerful

¢ For example, let us reconsider gg — ggg2 amplitudes
¢  Little group scaling; Mn(plhl, ...,p,i’”) — ezi‘fzhiMn(plhl, ...,p,i’”)

Ms (1,,2,,35,45,55) = M5 (1,,2,,35,4F,5))

Amplitude dimension: dim[Ms] = -1 (with all couplings are dimensionless),

+ momentum conservation: Zpl- =0

12)4 .
Form is unique * Ms (1,,2,,3)7,47,5)) <12><23><<34>> 15)(51) | i), — e~ i), (under LG)

Ms (1),25,37,47,57) =0
One can also derive o (For tree-level analysis)
Ms (1,,2),37,47,57) =0
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Three-point amplitudes in scattering amplitudes (1/3)

¢ Let us consider massless three point:

particle 2, s,, 4,

—

Py

particle 1, si. /1y

particle 3, $3,/13

Py

¢ On-shell amplitude leads to

pi=ps=p;=0, p'+pl+p/=0

¢ Then
(Pr+P)* = 2p, - py = (=p3)* = 0
Pr TPy = 4P Pr=(=P3) =
One can reach * Pi* P = 0 These momenta are very constrained
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Three-point amplitudes in scattering amplitudes (2/3)
Spinor-helicity formalism leads to (Note: Pias = Pl-”%,aa = [i),li],)

(12)[21] = tr(pY"p2,aa) = PiP5Tr(0,00) = PYPs X 20 = 2p1 - P>
One can reach * (12)[12] = (13)[|13] = (23)[23] =0

¢ This condition corresponds to two different solutions
1) o< |2) o< |3) (then (ij) = 0) amplitudes is described by [i]]
Or |1} o< |2] o< 3] (then [2j] =0) amplitudes is described by (ij)

Complex momentum

®  When the momenta are real, then <l:]°>T = [ji] = = [ij]; = {j) =[ij] =0 s required for non-
vanishing amplitudes
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Three-point amplitudes in scattering amplitudes (3/3)

Little group scaling and dimensional analysis (dim[M3] = +1) can totally determine the form

[12]M 02— [23]P2 tIs—Mmf31]hatin—a for hy + hy + h3 > 0

M(1Mm 2h2 3h3) — &
(12)—Mm—Mm+h3 o3y —h—Mm+h (31)—m—Mm+h  for by + ho + i3 < O

¢ For instance, scalar and fermions/vectors

M(17.,27,3n) = yy[12],  M(1F,27,3) = [12]*/M

¢  Fermions and vector  M(17, 2;, 32,‘) = &= Tf’z [13]°/[12]

¢ Three gluons, three gravitons 2 “double copy (KLT)"
_ 12J° _ 1 [12]° gravity = (YM)2
M 1+a2+a3 — sfl23 [ y M 1+,2+,3 = —
( A ) i [23] [31] ( S G) M, ([23] [31]) [Kawai, Lewellen, Tye '86]

Electroweak effective field theory from massive scattering amplitudes @ /34
Teppei Kitahara: Nagoya University, RIKEN seminar, December 3, 2020, online talk



massless = massive

[Kleiss, Stirling '85; Dittmaier '98; Cohen, Elvang, Kiermaier ‘10]

l formalize/generalize for any mass and spin particles

[1709.04891]
Arkani-Hamed, Huang, Huang



https://arxiv.org/abs/1709.04891

Massive-spinor formalism (1/4) iarkani-Hamed, Huang, Huang 17,

Pias

0 3 .1 .2

D; -|—p. p; — ID;

detp;, =detp-o= "1 L =)= (@)= 0H = @)
p; +ip; p; —D;
— pl2 — O > — m2 > O
Piaa: rank 1 = product of two vectors rank 2 = sum of two products of two vectors
pi,ad — ‘ l>a[l ‘0'[ pi,ad — ‘ i1>a[i1 ‘0'[ + ‘ i2>a[i2 ‘0'5 - Z ‘il>a[il‘d

=12
In D = 4, SO(3) ~ SU(2) LG for massive particles; leaves Pi ag INVariant; p; . = p; 44

L Amplitudes are transformed by SU(2) LGs (for massive external particles)

4 Bold spinors \il), |i'] carry the SU(2) LG index I = 1,2
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\ 4

Massive-spinor formalism (2/4)

One can use the SU(2) LG rotation for the spin-quantization axis

Convenient choice (for any spin particles):

4 Arbitrary spin polarization can be

spin axis [ = 1 [=72 given by two opposite spin states

|
|
|
|

P =@ () -a() (%)~

In this choice, in high energy limit, / = 1 (I = 2) spinor corresponds to positive (negative)

helicities

Any choice of spin-quantization axis is possible in general (“SU(2) LG covariant”)

Electroweak effective field theory from massive scattering amplitudes
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Massive-spinor formalism (3/4)

symbol massive-spinor formalism

undotted spinor

_ . . ofeJ\ __ oJe]
/Ilfa — PLuI(pi), vl(pi)PL |1I)a — W}l 1J>a (under LG) (Ij’) = —{J't)
5,0 I I I 1\! | sJ7d /] N,
dotted spinor A% = Ppu'(p), V(p)Pr  |i1]% = (W )]\ i']* (under LG) (i) = [ili’] =
- o] .
4-vector pl'u Piac p .o Z ‘l >a[ll‘d detpi,ad — pZZ — m2
I=1,2
- - + 1] |11> [lJ| o .
polarization vector 81.”’—’ € g = 8 = \/_ no auxiliary spinor
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Massive-spinor formalism (4/4)

¢  Equations of motion (EOM) ~ “chirality flip”

pilt)y =ml|i], p|i1=ml|i), ({'|p;=—-mli'|, [i'|p;=—m({]

¢ Massive polarization vectors [Gauthier Durieux, TK, Yael Shadmi, Yaniv Weiss ‘19]

01 01 °
1 > [1 | ; 0 | C)a[l | ;
+ _ .11 at” la m — a _ .+
gi,ad o gi,ad T \/5 m g \/5 <ZC> 8i,ad
I\ T3 2\ 3 : less polarizations
[if) i, [i%) i, [i)[C1, mass
L] L a a _ . ) . a a . a a —
gi,ao'z o \/5 81',050'5 T 81’,0:0’; T \/z \/5 : o 81',060'6
m m [iC]
r i) [i%]. + |i%) [i']. Pi.ac E
el = ¢el2 — el |+ 10000, . ~—= =0 (=) well-known energy growth
L,ao 1,ao m m m

Factor 1/\/5 (in L mode) corresponds to Clebsch-Gordan; we modify the original formalism

pi,,upi,l/ .
> p;- € =0, Sl.i’L ' (é‘l.i’L)>X< =—1, Z 81-”’/1 (/)% = — (ﬂ’w ) corresponds to uUnitary gauge”

2
m
A==,L
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Our several results

——




Our strategy

¢ Spectrum: different masses + massless photon

w (), Z, W= h +Y
¢ We do not impose SU(2).xU(1)y symmetry, but impose only U(1)em

‘ [ LGS C LOrentZ C POinCaré ] + [ IOcaIitY] [Arkani-Hamed, Huang, Huang ‘17]

+ [ perturbative unitarity C unitarity | [Gauthier Durieux, TK, Yael Shadmi, Yaniv Weiss ‘19]

¢ For three-pt amplitudes,

E?/m has to be forbidden; EZ%;é/m ~ E?/m* uUnacceptable energy growth

& For full four-pt amplitudes, E/m has to be forbidden Note that: there is no longitudinal mode
in massless scattering amplitudes
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Three-point: hhZ

Result (LGs + locality): [Durieux, TK, Shadmi, Weiss ‘19]

SU(2) LG indices |, J are implicit
./\/lg(lh, 2y, 32) X <3(1 — 2)3] = (3| (p; — p») | 3] (notation)

The scalars 1 and 2 have to be asymmetric:
when the scalars 1 and 2 are identical, this amplitude must vanish at the all order

v p(770)" decays

One-line proof to “why p* — 2z is forbidden in our world’ ' r ISR
I Ty 9.9+ 1.6)x 10
Is x'y (4.7 +0.6)x 107*
Iy ny (3.00+021)x 107
A good application of massive scattering amplitude! o 'xy (4.5 +0.8) x 10~
I, utu (4.55 +0.28) x 107°
| P ete” (4.72 £ 0.05) x 1077
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Three-point: wywZ (1/3)

¢ Result (LGs + locality + good massless limit): [Durieux, TK, Shadmi, Weiss ‘19]

B raay S 10y B 10y g0y
1ye,2y,3z) = ——|[13]|23]4 13)(23| 13|(23)+——(13)(23
M(Lye, 29, 37) = 22 [13](28)+ 2 (13) 23]+ 22 [13)(28)+ 27 (13)(23)

We observed 4 spinor structures

4 Angular momentum conservation (in three-pt amplitudes) [Costa, Penedones, Poland, Rychkov '11]

# of irreps of sum of three spins = # of independent spinors in three-pt amplitudes

» 4 combinationsisexpected 2R 2R3 =1P3P3P 5

®t W “
decomposition by the Young tableau e d® M = ﬁg © @It P }93"7 ® 110V
2 2 3 | 3 R, Ny
Electroweak effective field theory from massive scattering amplitudes @ /34
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Three-point: wywZ (2/3)

¢ High-energy limit (E — oo with E/A fixed):

CRRR LRO RLO CLLL
M(1ye,24,37) = ‘/’;_\”’Z 13](23]+ '” vz (13)[23] ”’ vz [13] (234 ‘/’;_\‘”Z (13)(23) IR
high energy —my; ~ m, 7 M om,  —my
— O e “i VN
helicity -+ A | [I ]I ——0 ++4+0 |< > | | uv
(13)2 23]° 23)2 13)°
13)(23 12) B 12] (13423,
2 non-renormalizable 6 renormalizable amplitudes

dipole
We can obtain 8 (=6+2) high-energy amplitudes from 4 independent coefficients

Conversely, the bold form is called “IR unification” [Arkani-Hamed, Huang, Huang ‘17]
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Three-point: wyZ (3/3)

¢ Focus on the longitudinal mode

M(1 ¢072¢73 ) = +(12) (cegz — Cienz) My/V2mz,

M(1.,2;,3 3%) = —[12] (ceyz — Cienz) mu/V2mz,

/'

We observed a relative sign, which corresponds to “pseudo-scalar coupling ys"

(consistent with NG boson equivalence theorem)

2 For ¢R0 + cf0 1 must tend to vanish when m, — 0 : fermion mass has the same origin as Z

W
(reproduce an expectation from spontaneous electroweak symmetry breaking )

4 For ¢LR0 = (RLO (vector fermion case), the longitudinal component vanishes, and one can take

my — O with finite m,,
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Three-point: WTW~Z (1/4)

¢ Result (LGs + locality): 11 spinor structures [Arkani-Hamed, Huang, Huang ‘“17]

: : — 8 spinor structures
Schouten identity, and momentum conservation P

1) (k) + [j) ki) + [k){ij) =0  p+py+p3 =0

Furthermore, we observe a non-trivial massive spinor identity [Durieux, TK, Shadmi, Weiss 19, + Machado "20]

mq(12)(13)[23] + m2(12)[13](23) + m3[12](13)(23) = m,[12][13](23) + m2[12](13)[23] + m3(12)[13][23]

. 7 spinor structures (final)

¢ Angular momentum conservation:

Eof irreps of sum of three spins = # of independent spinors in three-pt amplitudes

» 7 combinationsisexpected 3 XRIRX3I=1PB3D3PH3PBOEODT

® 7 form factors for general WWZ coupling [Hagiwara, Peccei, Zepenfeld, Hikasa '86]
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Three-point: WTW~Z (2/4)

¢ + perturbative unitarity [Durieux, TK, Shadmi, Weiss ‘19]

A dependence of 7 spin structures is fully determined

cwwz - dimensionless

M(1w: 2w, 32) _272‘/;::115‘/ (Z:j, (12)[13][23] + [12](13)[23] + [12][13]<23>) non-trivial single renormalizable structure
IO {L0YO
| ;V;V]\Z (12) ((13)[23] — [13](23)) 4 Z;V]\Z (12) ((13)[23] + [13](23))
W 1) (13)[2)] - (13](23) o 1 o 2 symmetric,
: LV;VAZ [12] ((13)[23] — [13](23)) 4 n”;’;"/_\z [12] ((13)[23] + [13](23))

Wz Wz
% 12][13][23] 4 7 (12)(13)(23).

¢ m, — 0 limit provides M;(1 -, 2W_,3;,—L) with 5 spin structures

consistent with angular momentum analysis: 3®3®2=20264D04D6
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Three-point: WTW~Z (3/4)

¢ Furthermore, we match the massive scattering amplitudes onto the SMEFT in the broken

phase.

result of /7 coefficients

compare our massive _o ~3 2

. g , 3’7
amplitudes to the SMEFT 2ewwz = —ﬁ\/g 24 g2 ‘/5( 2 4 §2)3/2 A\ CowB ;
JL0j0  _ [Rojo

C; wwz = wwz =0,
p— —_— . {RO}O —— 2
< > L:SMEFT — ESM + E A2 (97, ﬁ> ‘Wwz _ 1 g9 v (C¢W3+z'C(pWB) ,
(]

mzA V2mwmy /g2 + g2 A?

. . . . {L0}0 {RO}0
Warsaw basis (dimension-six SMEFT) “wwz = ( WWZ) ’
[Grzadkowski, Iskrzynski, Misiak, Rosiek '10] c{%}%{}z 33 (CW +iCy),
oo A2 + 12 \2
Warsaw basis in the broken phase . RRR\/Q* g .
[Dedes, Materkowska, Paraskevas, Rosiek, Suxho '17] Cwwz = (CWWZ) - O

Electroweak effective field theory from massive scattering amplitudes
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Three-point: WTW~Z (4/4)

¢ One example

dimension-six operator: 5”KWJ”W,;IPWPK“

. Feynman rule for this operator massive-spinor formalism
2
6ig C g Cw
= . 2 A‘f (05 P2 ph® — Ph P52V + My (P2 - ps — Php1-ps)  — 3V/2 5 5 A2
" Vg +3 Vo't
M3 ANuous (P D1 P3 — P53 P1 - P2) + Musyy (P5P1 - P2 — DY P2 - P3)) x ([12][13][23] + (12)(13)(23))

@Wikipedia
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All EW three-points are bootstrapped and mapped

[Durieux, TK, Shadmi, Weiss ‘19]

YeY”Z  (example 2)

c
VP
<! W
LGs w w [Dedes, Materkowska,
+ bootstrap ¢C¢h map Paraskevas, Rosiek, Suxho '17]

leocality ' ZZh, WWh ‘ broken <& . Lo+ 3" Cio
SMEFT = L£sMm —Yi
’Y’Yh, ’)/Zh phase 0 A

Warsaw basis

Unitarity v 2 0
+ hhZ, hhy (example 1) 7 ,
u(1) canonically
=M hhh normalized
WWZ (example 3)
WW~ They are important building blocks for the
SMEFT computations with on-shell techniques
277, 2Zvy, ZyY. 7Y i )
Electroweak effective field theory from massive scattering amplitudes
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Four-point: w wZh (1/3)

“factorizable” contribution

L4

LG analysis for thee-point amplitudes

Y / \ YA
YA YA
1
Y° p? —my? h
gluing

Ly 3z ¢° zZ U z Y 7
e RS YD S G
Z’ S —— \ h \ “

2y 4, Y h Y h Y h

“non-factorizable” contribution
(contact term)

LG analysis for four-point amplitudes
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Four-point: w wZh (2/3)

“factorizable” contribution

,
7 ;
1
N
<)
Fd
rd
RSt
]
<
7
7/
|
o™

+ perturbative unitarity requires [Durieux, TK, Shadmi, Weiss ‘19]

(==00): —(12) (nggz besz) (CZZh my,/2mz — C¢ ¢h)/\/_m2 =0+ O(m/A)
(++00):  +[12] (cyepz — cyepz) (2o my/2mz — &) /V2mz =0+ O(m/A)

> either vector-like fermlon cRLO — LRO

Wyl VR174

00 LL
or Higgs mechanism: ¥ - h = Cyp iy, 12my = c e

up to O(m/A)  consistent with study for 17Zh amplitude [Maltoni, Mantani, Mimasu '19]

“non-factorizable” contribution
(contact term)

“Unitarity sum rules”
would be reproduced

|Gunion, Haber, Wodka '91;

Grinstein, Murphy, Pirtskhalava,
Uttayarat '14; Nagai, Tanahashi,
Tsumura '15]

Electroweak effective field theory from massive scattering amplitudes
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Four-point: w wZh (3/3)

“non-factorizable” contribution
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4 Result (LGs + locality etc.): 14 spinor structures

2 Furthermore, we observe a non-trivial massive spinor identity [Durieux, TK, Shadmi, Weiss '19,+ Machado '20]

[12](3123) = 2[12] (3 {1 (p2 - p3) — 2 (p1 - p3)} 3]/ma3
— 2(p1 - p2)[13][23] — m1[321)[23] — m[312)[13].

. 12 spinor structures (final) - soft Higgs limit 4 spinor structures
. C
all terms are non-renormalizable p,—=>0; py+py+p; >0 reproduce y yZ result
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Outlook

— 3 _

Map EW four-point amplitudes onto the SMEFT

Renormalization group evolution, running coupling in massive scattering amplitudes?

An application: infrared photon/gluon corrections?

[Soft Matters, or the Recursions with Massive Spinors, Falkowski, Machado '20]

¢ ys? anomalous triangle diagram?

New direction? Monopole scattering amplitudes

[Scattering Amplitudes for Monopoles: Pairwise Little Group and Pairwise Helicity,
Csaki, Hong, Shirman, Telem, Terning, Waterbury ‘20]
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Conclusions

The powerful scattering amplitude approach can avoid gauge redundancy and operator

redundancy

¢ We clarified a few details in the massive-spinor formalism, and bootstrapped all the EW

three-point amplitudes, as well as the four-point amplitudes
¢ We mapped all EW three-point amplitudes onto the SMEFT

¢ We observed the emergence of the EW relations from the perturbative unitarity

We paved the way for the SMEFT computations in the on-shell formalism
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